The linear analysis of the Rayleigh-Taylor instability in metal material is extended from the perfect plastic constitutive model to the Johnson-Cook and Steinberg-Guinan constitutive model, and from the constant loading to a time-dependent loading. The analysis is applied to two Rayleigh-Taylor instability experiments in aluminum and vanadium with peak pressures of 20 GPa and 90 GPa, and strain rates of 6 × 10 6 s −1 and 3 × 10 7 s −1 respectively. When the time-dependent loading and the Steinberg-Guinan constitutive model are used in the linear analysis, the analytic results are in close agreement with experiments quantitatively, which indicates that the method in this paper is applicable to the Rayleigh-Taylor instability in aluminum and vanadium metal materials under high pressure and high strain rate. From these linear analyses, we find that the constitutive models and the loading process are of crucial importance in the linear analysis of the Rayleigh-Taylor instability in metal material, and a better understanding of the Rayleigh-Taylor instability in metals is gained. These results will serve as important references for evolving high-pressure, high-strain-rate experiments and numerical simulations.
Introduction
The perturbed interface in a metal material will undergo growth and mixing in-The RTI in metals has been studied by many authors, since the work of Miles in 1968 [11] . These studies could be categorized into three groups: the first group is the method based on the energy-balanced equation which was used by Miles [11] , Robinson and Swegle [12] ; the second group is the method based on the Eulerian equations for a continuum medium which was used by Plohr and Sharp [13] , Terrones [14] ; the last one is the method recently proposed by Piriz et al. [15] [16] who derived the amplitude equation from the Newton second law. Although these methods presented similar features for the RTI in metals, they gave different quantitative results for the growth rate and the cutoff perturbation wave number. Although the first method and the third method should be physically equivalent, they showed different quantitative results. As shown in [16] , "the instability is not controlled by the details of the behavior of a material point but rather it is governed by the bulk motion of the mass contained within the region with a thickness k −1 ", we think the method based on the energy balance is more physically realistic.
In this paper, we derive the equation of the perturbation amplitude based on the energy balance. There are three improvements over the classical linear analysis of the RTI in metals presented in this work. First, because the constant pressure driving used in previous works differs from the actual experimental driving process and is not applicable for a quantitative analysis of experiments, we introduce time-dependent pressure driving into the linear analysis of the RTI in metals. Second, we perform a linear analysis of the RTI in metals based on the Johnson-Cook (JC) and Steinberg-Guinan (SG) constitutive models. However, in the previous published papers [11] - [16] , the perfect plastic (PP) constitutive model is used for the linear analysis of the RTI in metals to obtain the analytic solution of the perturbation growth. When the constitutive models that better characterize the stress-strain relation in metals under dynamic loading, such as the JC and SG constitutive models, are used for the linear analysis of the RTI in metals, analytic solutions cannot be found, and a numerical solution is needed. 
Analytical Formulation of the Problem
For the linear analysis of interface instability of a finite thickness plate ( Figure   1 ), a velocity field is introduced with the result of Taylor's inviscid, impressible fluid e sin , e cos . The average potential and kinetic energies within a wavelength in the accelerated reference frame that moves with the plate are, respectively
where ρ is the material density, g P h ρ = is the acceleration of the plate, P is the driving pressure, h is the thickness of the plate. In a typical planar Rayleigh-Taylor experiment, the driving pressure is generated by a flowing plasma atmosphere [17] [18] or a high explosive detonation product [19] which releases across a vacuum gap stagnating on the plate, and different driving techniques and the gap thickness determine the magnitude of the driving pressure and the strain rate of the plate.
Based on the energy balance method of Mises [11] , that is, the sum of the rate of kinetic and potential energies and the average stress power integral equals zero, namely 
Based on the elastic constitutive relation, deviatoric stress tensor follows 
So, the stress power in the elastic range is ( )
While the material deformation is beyond the elastic range, the stress state can be calculated with radial return algorithm [20] . Firstly, the equivalent stress is ( ) 
Here, we take the equivalent stress at y = 0 as the effective yield stress σ is the material yield stress.
Using these results, the stress power integration is obtained,
Taking the average kinetic and potential energies and the stress power integration into the energy balance Equation (4), and assuming that 0 ξ ≠  , the following evolution equation of the perturbation amplitude of the RTI is obtained:
where ( ) (14) . Here, the JC and SG constitutive models are applied. The JC constitutive model [21] , in which strain-rate and temperature effects are considered, expresses the yield stress in terms of strain, temperature, and strain rate, namely,
where JC σ is the yield stress of the JC model, A is the initial yield stress at a reference temperature, B and n are the material strain hardening parameters, . The pressure, temperature, and strain-rate terms are added into the elastic-plastic constitutive equation of the SG model [22] , and, moreover, the couplings of pressure and strain rate with the yield stress can be split. Because the yield stress in the SG model depends on the pressure, the constitutive equation and the equation of state are coupled. This coupling relation indicates the pressure hardening feature of metals at high pressure. In the SG model, the shear modulus and the yield stress are ( ) ( ) 
Applications of the Analytical Model

Lorenz's Experiment on Aluminum Using the Omega Laser
The effect of ultrahigh pressures on the material strength was studied using an Al-6061-T6 plate with a pre-imposed sine perturbation driven by plasma ramp loading on the Omega laser, where the peak pressure was ~20 GPa and the average strain rate was ~6 1 6 10 s − × . During the course of the experiment, the loading rate is not so fast that the compression wave evolves into a strong shock, so the aluminum sample remains shock-free, with less of a temperature rise. In ref.
[17], the peak temperature was assumed to be ~400 K, which is far lower than the melting temperature of Al-6061-T6. In this linear analysis, the initial density of aluminum is 3 0 2.7 g cm ρ =
, the compression ratio is 1.17, the sample thickness is 35.6 μm, the wavelength of the pre-imposed sine perturbation is 40 µm, the amplitude of the perturbation is 3.4 μm, and the temperature is 400 K.
The parameters of the Johnson-Cook and Steinberg-Guinan models of
Al-6061-T6 are listed in Table 1 and Table 2 .
In contrast to the constant pressure driving in previous work, here, a time-dependent pressure driving term ( ) ( 
Park's Experiment on Vanadium Using the Omega Laser
The linear analysis method can be applied to Lorenz's experiment with loading pressure and strain rate of the are ~20 GPa and 6 1 6 10 s − × . Whether or not the linear analysis is applicable to an experiment with a higher loading pressure and a higher strain rate is not clear. Hence, the linear analysis was performed on the RTI in vanadium, which was quasi-isentropically plasma-driven on the Omega laser by Park et al. [18] . A CH-based epoxy "heat shield" was machined on the front side of the sample to ensure that the surface of the sample is not ablated by the stagnating plasma. The temperature rise of the sample was ~200 K; therefore the temperature of the sample was substantially lower than the melting temperature of vanadium. The peak pressure in the experiment reached 90 GPa, the strain rate was , the compression ratio was 1.3 η = , the sample thickness was 35 μm, the wavelength of the imposed ripple was 60 μm, the amplitude was 0.6 μm and the temperature was 500 K T = , the linear analysis of the RTI in aluminum and vanadium is also applicable. From the linear analysis of the RTI in metal material, it is found that constitutive models and loading processes are both important, and a better cognitive understanding of the RTI in metals is gained. These results will serve as important references to evolving high-pressure, high-strain-rate experiments and numerical simulations.
Conclusions
